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The activity and selectivity of catalytic conversion of coal into liquid products b eithser
direct or indire -t liquefaction processes may be better understood if the catalysts used io the
processes are well characterized in terms of their phases and particle size distribution. In the
case of iron-based catalysts, Mcssbauer and EXAFS experimental techniques can provide much
valuable information for characterization of the catalysts. We have carried out both Massbauer
and EXAFS characterization of some iron-based catalysts used in direct, Liquefaction of coal 2s
well asin Fischer-Tropsch (F-T) synthesis. The present preseniation gives preliminary results
oo some of the F-T and DCL catalysts studied.

BASIC PRINCIPLE OF MsSSBAUER SPECTROSCOPY

The basic principle of Mudssbauer spectroscopy lies in the observation of nuclear
resonance absorption / emission of gamma rays iu certain nuclei like Fe, Sn, some rare-earths,
etc. embedded in any solid matrix . The above phenomenon enables one to experimentally
measure various nuclear transitions. It is well known that the nuclear transitions are in turn
governed by the nature of the nucleus and its susroundings. The riajor three factors whick affect
the nuclear transition are (1) the charge density at the nucleus which is related to the valency
of the atam, (2) the electric f:ld gradient at the nucleus which in trun is deperdent on the
svmmetry at the nucleus and (3) the presence of magnetic field at the nucleus which is in turn
related to the magpetic nature of the atom.

An iron atom in any given material has a finger-print in terms of the charge density,
electric field gradient and the maguetic field at the nucleus and bence a Massbauer
measurement would enable one to identify the various iron phases przsent in any given
substance. It is also possible 0 have relative quantitative estimates of the different phases
present.

The magnetic moments associated with small particles of the order of a few tens of
Angstroms are subjected to changes of their direction and this in turn leads to characteristic
‘Relaxatiop Spectra ’ of the particles. In the case of iron particles, study of these relaxation

spectra ¢nables one to get valuable information regarding tke particle sizc distribution in the
samples.



EXTENDED X-RAY ABSORPTION FINE STRUCTURE STUDIES (EXAFS).-

The EXAFS is now a well established technique to idenentify the nature of the
surrounding atoms around a probe atom and to determine the distance of the neighboring shells
and their coordination numbers. In the case of iron it is possible to study the radial distribution
and the coordination numbers up to three or four shells The EXAFS measurements supplement
the Massbauer results by providing the additional info:mation noted above. With this in view
w2 have carried out EXAFS measurements on some ¥-T and DCL catalysts.

We have studied the following samples:

(A) F-T catalysts:-

(1) 100 Fe/5 Cu/4.2 K8 SiO, unused
{2V 100 Fe/5 C2/4.2 used FBR
(3) 100 Fe/d Cuw/4.2 K/8 SiQ, used FBR

14 100 Fe/5 Cw4.2 K/16 SiO, used FBR
(5) 100 Fe'5 Cw4.2 K224 SiO, used FBR

(6) 100 Fe/5 Cuw/4.2 K8 SiQ, slurry (reduced with H, at 220 K for 1 hr)
71 100 Fe/5 Cu4.2 K8 SiQ, slurry (reduced on stream for 400 hrs)
(8) 100 Fe/5 Cuw4.2 K24 SiQ, meagretically separated

(9) 100 Fe/5 Cu4.2 K24 SiO, soxhlet extraction
(B} IRON BASED DIRECT COAL
LIQUEFACTION (DCL) CATALYSTS:
(1) Fe,0, on carhon black
(2) Fe,04S0,
(3} Bl Canyon + Fe,0,/SO,
{4) Wyodak coal + Fe{COQ),
(5) Il # 6 coal + Fe,0/S0,
{67 Iron-Carbides
The iron-based catalysts were prepared by Dr.D.B.Bukur of Texas A & M University by
continuous co-precipitation of Fe and Cu, followed by incorporation of Si0O, from the solution,

and umpregnation of potassium. These catalysts were utilized in the Fischer-Trapsch studies
carried out at Texas A & M University. Some of the DCL catalysts studied were supplied by
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Dr.Irving Wender of University of Pittsburgh, Dr.Joseph Shabtai of University of Utah,
Dr.P.C.EXlund of University of Kentucky and Dr.Malvina Farcasiu of DOE.

We have recorded Missbauer spectra hoth at room temperature and for some samgles at
12 K using a conventional Massbauer spectrometer. The spectra were analyzed using a non-
linear fitting program developed at CFFLS, University of Kentucky, Lexington.

EXAFS measurements were carried out at the NSLS facility of the Brookhaven
Laberatory, Upton, N.Y. and the data were analyzed using the EXAPL ant EXAFIT programs.

RESULTS :

THE SALIENT FEATURES OF THE ANALYSIS OF THE VARIOUS MoSSBAUER SPECTRA
RECORDED ARE AS FOLLOWS:

{1) Unused caicined catalyst was found to consist of fine particles of a-FeQOH of about
62 A or less in diameter. The Mdssbauer spectra of the catalyst at 300 K and 12 K are shown
in Fig.1 and Fig.2 respectively. The room temperature spectrum of the catalyst is very similar
.0 the room temperature spectrum of Ruhr-Chemie catalyst supplied by UOP, (Fig. 3.)

(2) All the used catalysts obtained from fixed bed reactors were found to consist of
magnetite in the range of 40 -80 %, lesser amounts of carbides and unreacted oxides.

(3) The samples obtair.ed by magnetic extraction showed much more magnetite (Fig.
4) , as compared to the sample obtained by soxhlet extraction (Fig. 5).

(4) The slurry sample ( Wax + catalysts ) obtained after reduction with hydregen at 220
C, 100 psig, 7500 (c¢/min) for 1 hour contained fine particles of a-FeOOH (about 65 A or less)
The Mossbauer spectra of the catalyst at 300 k and 12 K are shown in the Fig.6 and Fig. 7. As
compared to the above catalyst, the slurry sample obtained after 400 hrs. on stream cortained
essentially magnetite and carbides (Fig.8.)

(5) The support material of Si0, incorporated in the catalysts does nct seem to exhibit
any systematic correlaiion on the phases that were formed in the used catalysts. Two of the
used catalysts from the fixed-bed reactor revealed the presence of siderite (FeCO,) besides
magnetite and some carbides. One used catalyst showed as much as 12 % of FeCO, (Fig. 9).
EXAFS measurements on these samples are planned to confirm the presence of the siderite
phase in these catalysts.

It is interesting to note that one of the used catalyst from a fixed bed-reactor containing
24 Si0, showed the presence of about 10% unreacted surface oxide. Low temperature
measurements are underway to confirm this result.

TLe theoretical relaxation spectrum for Fe,0, on carbon black at 300 K compared with
the experimentally determined spectrum indicated the presence of a distribution of particies.
The theoretical and experimental spectra are shown in the Fig. 10. These spectra indizated that
15% of the particles have particle sizes greater than about 85 A and the remaining 85% of the
particles have a particle size of less than 85 A Further detailed estimates of the particle
distributions are in progress.
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The Mossbauer spectra of two samples of sulfated iron DCL catalysts Fe,0,/SO, (sample
1) and Fe,04/S0, (sample 2) are shown respectively in the Fig. 11a_and Fig. 11b. The spectrum
of sample 2 corsists of large particles greater than about 100 A while the spectrum of the
samR{e 1 contains both small particles of less than about 65 A and large particles of s:ze about
100 A. The same kind of catalyst may have different particle size distribution depending on how
it is prepared.

Two of the Mdssbauer spectra of Blind Canyon coal with ¥Fe,0/S0, catalysts after 5
minutes and 1 hour liquefaction are shown respectively in the Fig. 12 a and Fig.12 b. The
spectrum of the § minutes run shows a mixture of magnetite and unreacted Fe,0,/30, while
that of the 1 hour run shows predominantly the presence of magnetite and relatively small
amounts of the unreacted oxidc,

The Mossbauer spectrum of the JOM-Ill # 6Maya coal with Fe,0,/SO, and I10OM-
Wyodak/Maya coal with FeCo; are shown respectively in the Fig. 13 a and Fig.13 b. The IOM
of 1! # 6 shows the presence of mostly pyrrhotite while that of Wyodak coal shows the presence
of both pyrrhotite and some fine particles of some axide/hydroxide.

The Mdssbauer spectra of Fe carbides made by laser pyrolysis are shown in the Fig. 14.
a and Fig.14 b The spectra reveal the presence of Fe-metal, cementite and not so commonly seen
phase of iron-carbide, Fe,C,.

The size distributions for the various as-dispersed iron DCL catalysts have been
determined from the Mossbauer relaxation spectra recoraad and the theoretical estimates of the
critical volumes of the catalysts at various temperatures. These size distributions are shown in
the Fig.15

In-situ iron K-edge EXAFS measurements on sulfated Fe,O, heated with
hexahydropyrene up to 400 C were carried out. Both bulk and 30 A samples of Fe,0, were
viilized in the experiments. The EX/.FS spectra for the bulk Fe,0, and 30 A Fe,O, are shown
respectively in the Fig.16 and Fig.17. Both the spectra clearly show the growth of pyrrhotite as
the temperature is increased.

EXAFS spectra of Ruhr-Chemie sample and that of the soxhlet extraction were recorded
and both are seen to be very similar to each other confirming the results of Mossbauer
measurements (Fig. 18 a and Fig.18 b). In both the cases the rati; of nearest cxygen peak to the
nearest iron peak is found w be larger as compared to that found in the case of bulk a-FeQOH
as can be expected for fine particles.

Conclusions:-

Mossbauer and EXAFS measurements are very useful in characterizing the catalysts
used in the liquefaction of coals. The Mbssbauer spectroscopy provides information regarding
the different phases present and also the particle size distribution in the catalysts . The EXAFS
technique allcws one to follow the in-situ chemical reactions, besides identifying and giving the
radial distribution of neighboring atoms and their coordination numbers.
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Phase HO l.S. Q.S. | Wdth | %Fe
KGauss | mm/s | mm/s | mm/s

A-FeCOH 0.35 0.59 0.43 62

L-FeOOH 0.34 1.03 0.46 38

Mossoauar run MKOPOE on sampia 462 at RT

2 Tranasmission

F3a
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Phase HO 1.S. Q.S. | Wdth | %Fe
kGauss | mm/s | mm/s | mmvs
X -FeOOH 504 0.49 | 0.003 0.61 31
« -FeOOH 480 048 | -0.01 | 079 | 55
K -FeOOH 441 0.37 -0.06 0.82 13
Spm-Oxide : 088 | 1.18 | 0.27 1
Méssbauer run MKOB73 on sarmpie 462 at12 K
MKO0873 100 Fe 15 Cu/4.2 K/8 SiO2 CFFLS #462 at 12K
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Fig. 2 Mossbauer spectrum of unused calcined catalyst
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100Fe/SCu/4.2K/8S10), at 12 K
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MKO0910 Fischer Tropsch Iron catalyst, Ruhr Chem. CFFLS #504
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Fig. 3 Mossbauer spectrum of unused F-T iron Ruhr-Chemie

catalyst at 300 K
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Phase

HO 5. | Q8. | Wdth | %Fe
kGauss | mm/s | mm/s | mmvs

Magnetite-A site

482 0.31 0.00 0.43 25

Magnetite-B site

455 065 | 0.00 | 056 35

Magnetite-sub

422 0.68 0.00 | 0.54 8

Carbide

201 0.34 0.00 0.81 5

Spm-Oxide

0.37 | 093 | 0.63 23

Massbaver run MK0B77 on sampie 501 at J00 K

MK0877 CFFLS #5C1 FB-99-1588/H2 Magnelic separalion
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Fig. 4 Mossbauer spectrum of a magnetically separated

catalyst: .*IrOCPFeISCu/-I.ZK/ZSSiO, at 300 K
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Phase

HO 1.S. Q.S. Wdth | %Fe
kGauss | mm/s | mm/s | mm/s

Spm-Oxide 0.37 0.71 0.56 86
Magnetite 481 0.26 0.00 0.63 5
Magnetite 461 0.73 0.00 0.63
Carbide 177 0.24 0.00 0.63

Mé&asbauer run MKOBB4 on sample 502 st 300 K
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MKO0884 #502 SB-99-0040 A SOXHLET EXTRACTION
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Mossbauer spectrum of a catalyst: 100Fe/5Cu/4.2K/25Si0,
obtained by soxhlet extraction.
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Phase HO I.S. Q.S. | Wdth | %Fe

kGauss | mm/s | mm/s | mm/s

Magnetite A-site 474 0.34 0.00 0.41 5
Magnetite B-site 430 0.71 0.00 1.24 18
A -FeOOH 0.35 | 0.82 0.62 77

Méssbauer run MK0O753 on sampie 453 at AT

Spm-superparamagnetc

MK0753 SB-63-1910 100 Fe/5 Cu/4.2 K after reduction CFFLS#46:

100. - S . " Magnetite
o-FeOOH o
100 - 2ok 2ihDe. Jntend
. .
:899.5 -
5 99 -
<
o
Fa0s -
o
98 S
97.5 -
97 T | L L] Ll ) 1 L] { T | T
-12 -8 -4 0 4 8 12
Velocity {mm/sec)
Fig. 6 Mossbauer spect. um of a catalyst: lOOFdSCuM.ZK!SSiO,‘

a slurry sample after reduction with hydrogen at 220 C,
100 psig, 7500 (cc/min) for 1 h-2.2 g. The spectrum was
recorded at 300 K.
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Phase HO l.S. Q.S. | Wdth | %Fe

kGauss | mm/s | mm/s | mm/s

X FeOOH 504 | 047 | -0.05| 079 | 59°
« -FeOOH 477 | 032 | 007 | 079 | 23
«-FeOOH 452 | 058 | -0.19 | 079 | 12*
Spm-Oxide/Hydroxide 016 | 097 | 061 | 6

Massbauer run MKC759 on sample 463 at 12 K
of -FeOOH includes 23 % of Fe as magnetite (see AT spectrum UK000E)

MKO759 SB-63-1910 100 Fe/5 Cur4.2 K/after red.,12K,CFFLS#463

] II' W]‘ ]T_li ‘Il ‘lla{-FeOOH

100 - don s,

c 4 e
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\Velocity (mm/sec)
Fig. 7 Méssbaucr spectrum of a catalyst: 100Fe/SCu/4.2K/8Si0,

a slurry sample after reduction with hydrogen at 220 C,
100 psig, 7500 (cc/min) for 1 h-2.2 g. The spectrum was
recorded at 12 K.
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Phase HO [.S. Q.S. | Wdth | %Fe

, kGauss | mm/s | mm/s | mm/s
Magnetite A-site 480 0.29 0.00 0.41 16
Magnetite B-site 453 0.64 0.00 0.62 27
Magnetite-sub. 409 0.72 0.00 1.03 12
£ -Carbide 170 0.24 | 0.03 | 048 | 28
Spm-Oxides 0.36 0.79 0.79 16

Mdssbauer run MKO754 on sample 464 at RT

Spm-Superparamagnelic

MKO0754 SB-63-1810 100 Fe/5 Cu/4.2 K at the end cf run CFFLS#464

: T T T 1 '“ | Magnstite
1 W ] || | §' -Carbide
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Fig. 8 Mossbauer spectrum of used calcined catalyst:

100Fe/5Cu/4.2K/ at the end of the run.
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Phase HO [.S. Q.S. | Wdith | %Fe
kGauss | mm/s | mm/s § mm/s

Compenent 1 | Magnetite A-site 490 0.29 0.00 ; 0.32 25

Component 2 | Magnelite B-site 459 0.68 000 | 037 44

Component3 | X-carbide 222 0.31 -0.04 | 0.45
Component 4 | X-carbide 181 0.21 0.00 | 0.41 a
Component 5 | FeCO3 (siderite) 1.23 1.77 | 032 12
Component 6 | Spm Oxide 0.37 0.86 | 0.72 5

Mossbauer run MK0B05 on sampie 486 at RT. Spm - superparamagnetic
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Fiz. 9

MKO0805 100Fe/S5Cu/4.2K FA-31-1118 CFFLS #486 295K

I | l l II II l ' Magnetite
L 3 |

X-carbide l_'l FeCO3

1

L L] L ¥ L] L L] L) ) 1 L]

-12 -8 -4 0 4 g 12
Velocity (mm./sec)

Mossbauer spectrum of used catalyst: 100Fe/SCw4.2%
revealing the presence of siderite, FeCO,
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Fig. 12ta) Mossbauer spectrum of Blind canyon coal mixed with
Fe,0,/SO, - after 5 mins. of liquefaction run

1b) Mossbauer spectrum of Blind canyvon coal mixed with
Fe.0,'SO, - after 1 hour of liquefaction run



IOM - tll #6/Maya w/ Fe203/S04
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Fig. 13{a) Mosshauer spectrum of IOM of ILL # 6/Maya/w
Fe,0,80, {sample 1)
tb)  Mdossbauer spectrum of IOM of ILL # 6/Maya/w

Fe,00,/SO, (sample 2)
3L



Transmisslon (%)

102.

101

100

Transmisston (%)
0 fa’ tn na
M 8] ~1 83

{8}
I

Fig. 141a)

(b)

Velocity (mm.s)

Mossbauer spectrum of Fe carbide made from laser
pyrolysis (sample 1)
Mossbauer spectrum of Fe carbide made from laser
pyrolyvsis tsample 2)

iy

r T ey T 1 Fe metal |
| | Fe3C l
B I 1
. Fe7C3
| ; (a)

i y 12K
10 -8 -6 -4 -2 0 2 4 6 8 10
Velocity (mm/s)

[ T T T I ] Fe metal
l | Fe3C .
L - 1 |
Fe7C3
| M (b)
% 12K
=10 75 9 0 2 4 6 8 10



100 Blind Canyon tr. w/ FeCI3 ' 100 lind Canyon trd. w/ HT
80 80
lj..:ec) SRR &50
240 %0 e
s SR R
20 RN e 20 Ry
R SRR SRR
0 20 65 0 20 - 35
Av. Diameter (A) Av. Diameter (A)
100 Wyodak treated w/ FeCl3 100 Wvodak treated w/ FaCl3, HT
80 80
SEe 0
¥ g %o -
20 20 :
o "-:-: o d
20 65 20 65
Av. Diameter (A) Av. Diameter (A)
100 w—bignite lon-Exch. FeCl2 100 el lon-Exch H
80 80 ¢
0 &.ﬁo'
310 0
20 20 FREEEH | S EER
QR R St
0 m 3 i . o B e | 0 ¥ om0l
20 35 45 65 20 s 45 65
Av. Diameter {A) Av. Diameter EA?
Fe203/S04 Fe203 on Carbon Black
100 ¢ e 100
80 80 ¢
&0
#3730 | —
A
20 4 et %
S T s .-' T A )‘:.\' E:?::.?::
85

Av. Diameter {A)

30 35 40 44 50 55 59 85
Av. Ciameter (A)

The size distribution for sarious as-dispersed iron
DCL. catalysts derived from Mossbauer data

[




600 - D.
- Fe203/S04 + HHP
400 - RT
200 -
O o,
o ,
400 - Fe203/S04 + HHP

14505

200 +

Magnitude
(o)

- 2-
” Fe203/S04 + HHP
300 -
. 250C
200 -
100 - V\)
0
.
Fe203/S04 + HHP
00 320C
° % 2 4 6 8 10
Radius (A)
Fig. 16 In situ radial distribution functions (RDFs) of

Fe,0,/SO, catalyst mixed with hexahydropyrene at
indicated temperatures
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17 In situ radial distribution functions (RDFs) of

Fe,00,(30 A) from United Catalyst mixe¢ with
hexahsdropyrene at indicated temperatures
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Fig. 18 (a) EXAFS spectrum of a-FeOOH (Ruhr-Chemie sample)

(b}

EXAFS spectrum of a-FeOOH obtained by soxhlet
extraction
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